I.. Introduction {#sec1}
================

Cardiovascular diseases (CVD) is the leading cause of death globally, causing nearly 17.3 million deaths in 2008, with the number expected to increase to 23.3 million by 2030 [@ref1], [@ref2]. According to World Health Organization, over 80% of the world's deaths from CVDs occur in low and middle income countries, as they have less access to effective and equitable healthcare services which respond to their needs, including early detection service [@ref3]. Easy to use diagnostic and screening devices, amenable to field deployment for screening and triaging are important in such scenarios. Arterial stiffness is an independent predictor of cardiovascular morbidity and mortality [@ref4]. Studies have demonstrated significant correlation between cardiovascular disease and carotid artery stiffness values [@ref4]--[@ref5][@ref6][@ref7][@ref8][@ref9][@ref10]. Carotid artery stiffness has been demonstrated to have strong association with increased intima-media thickness and even with severity of plaques in aorta [@ref8]. Increased stiffness of artery is thus an early indication of vascular injury. Hence, non-invasive measurements of carotid artery stiffness, that can estimate cardiovascular health, are an attractive option for screening and early detection.

However, state of the art systems for measuring arterial stiffness are highly expensive, and have a laborious operating procedure, and are hence not suited for field applications [@ref9]--[@ref10][@ref11][@ref12][@ref13]. Ultrasound echo tracking systems, such as ALOKA e-Tracking, ARTlab etc., require expert sonologists to examine ultrasound data of the artery to perform stiffness measurements [@ref14]--[@ref15][@ref16].

There exists an unmet need for a practical, affordable, easy-to-use technology to non-invasively measure arterial stiffness in an automated manner, which could be used by general medical practitioners and health workers. Such a non-expert operable device could overcome the skill barrier and also reduce the time taken for test, thereby making it suitable for large scale cardiovascular screening in addition to diagnosis. To address this need, we have developed ARTSENS (ARTerial Stiffness Evaluation for Non-invasive Screening), a device that overcomes the limitations of present systems effectively, while performing the measurements with accuracy and precision according to clinically accepted standards [@ref14], [@ref15]. We had previously presented the concept of an image-free system for measurement of arterial stiffness [@ref17]--[@ref18][@ref19][@ref20][@ref21] and also demonstrated the accuracy and repeatability of measurements in controlled laboratory settings [@ref22], [@ref23].

In this paper, we start with a technical overview of ARTSENS device, and its operation, and present a detailed validation of the ability of the device to perform accurate measurements of arterial stiffness in-vivo, in clinical settings. The feasibility of using stiffness measurements performed in sitting posture is also investigated.

From the list of major clinically accepted estimates of arterial stiffness enlisted in [Table 1](#table1){ref-type="table"}, it is evident that evaluation of the arterial stiffness requires an accurate measurement of arterial distension ($\documentclass[12pt]{minimal}
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ARTSENS utilizes a single element ultrasound transducer to interrogate the artery and obtain all relevant arterial dimensional measurements in an automated manner. The principle of image-free measurement and system architecture of ARTSENS is presented in [Section II](#sec2){ref-type="sec"}. This section explains the hardware designed to excite the transducer, receive echo signals from the artery and digitize the signals, and also provides a detailed description of algorithms used to extract required parameters from the echo signals. [Section III](#sec3){ref-type="sec"} gives the details of validation study of ARTSENS in a clinical setting. The study protocol and methods used for analyses are explained in this section. [Section IV](#sec4){ref-type="sec"} presents the results of the study, and illustrates the accuracy of ARTSENS by comparison with state of the art echo tracking system for evaluating carotid artery stiffness. The repeatability of ARTSENS measurements is also analyzed.

II.. Artsens: System Architecture {#sec2}
=================================

The overall system architecture of the ARTSENS device is illustrated in [Fig. 1](#fig1){ref-type="fig"}. A single element ultrasound probe, operated in the pulse echo modality is used to investigate arterial dynamics. This probe, placed on the neck over the carotid artery, sends sharp pulses of high frequency ultrasound into the body that are reflected by the artery walls and other structures in the sound propagation path. These echoes are acquired by the same transducer, amplified and digitized. Intelligent signal processing and automated measurement algorithms automatically identify the arterial wall echoes, track wall motion and measure arterial distension ($\documentclass[12pt]{minimal}
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A desktop prototype of ARTSENS is shown in [Fig. 2](#fig2){ref-type="fig"}. The entire measurement is typically completed within a few minutes. The measurement requires no intervention from the operator other than positioning of the probe over the artery as illustrated in [Fig. 3](#fig3){ref-type="fig"}. Figure 2.ARTSENS desktop prototype. Figure 3.ARTSENS used to perform carotid artery stiffness measurement of a volunteer.

A.. Hardware {#sec2a}
------------

The hardware section of ARTSENS mainly includes three major sections, viz. the pulser and probe unit, analog front end and a high speed digitizer.

The system utilizes a single element 5 MHz ultrasound transducer (10 mm diameter, Hengxuannanshi, China). The ultrasound frequency of 5 MHz was selected based on the conflicting requirements of high resolution while ensuring required depth of penetration which is about 60 mm for measurements on carotid artery considering the attenuation coefficient of soft tissue as 0.7dB/cm/MHz [@ref17]. The transducer's narrow half angle beam width of about 1.3° ensures that strong and distinct echoes will be obtained only when the transducer is kept normal to the artery.

Custom designed probe housings were developed for the single element transducer, to enable easy operation. A few designs of the single element ultrasound probes are illustrated in [Fig. 4](#fig4){ref-type="fig"}. The white probe was used in the current study. The custom analog front end electronics hardware developed for ARTSENS is illustrated in [Fig. 5](#fig5){ref-type="fig"}. The board has a low voltage (+/−15 V, 500 mA) power supply section for the digital logic and analog front end sections, and a high voltage (100 V, 50 mA) section used for ultrasound transducer excitation. Digital pulses generated using a microcontroller are translated to high voltage levels and used to excite the transducer in the pulse echo modality [@ref17]. The reflected echo signals are then passed to an analog signal conditioning section consisting of a high pass filter of cut off frequency 2.56 MHz and a dual stage amplifier with a total gain of 40 dB. A transmit receive switch is used to protect the amplifier section from the high voltage transmit pulses. Figure 4.Single element ultrasound probes designed for ARTSENS. Figure 5.Electronics hardware board used in ARTSENS.

The conditioned analog signals are digitized at the rate of 100 MS/s using a NI USB 5133 high speed digitizer (National Instruments). The digitized signals, referred to as frames, are then given to subsequent signal processing algorithms for automated measurement.

B.. Signal Processing and Measurement Algorithm {#sec2b}
-----------------------------------------------

The digitized signals are transferred in real time into a laptop computer and processed using a signal processing virtual instrument, developed in LabVIEW using state machine architecture. The major steps in the automated measurement algorithm are illustrated in [Fig. 6](#fig6){ref-type="fig"}. Figure 6.ARTSENS signal processing and automated measurement algorithm flowchart.

### 1). Pre-Processing and Wall Identification {#sec2b1}

The raw ultrasound data frames (where each frame is defined as the echo obtained for a transducer excitation pulse) are pre-processed to improve its signal to noise ratio (SNR). The frames are filtered using a $\documentclass[12pt]{minimal}
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\end{document}$ order zero phase Butterworth band pass filter with upper cut off frequency of 8 MHz and lower cut off frequency of 1 MHz and then passed through a time gain compensation (TGC) block to compensate for the signal attenuation encountered as it passes through the soft tissue, as seen in [Fig. 7](#fig7){ref-type="fig"}. The arterial near (proximal) and far (distal) walls are identified based on the inherent out of phase motion of the wall echoes, as the artery contracts and relaxes during systole and diastole respectively [@ref20]. The phase of wall motion is detected by locating artery wall echo peaks in the first frame, and then using the next few (5 to 10) frames to identify the two consecutive artery wall echoes that move opposite to each other. Figure 7.(a) Raw echo signal (frame) received from the artery (b) Signal after pre-processing. Notice significant improvement in SNR, elimination of transducer ringing artefacts and compensation for echo attenuation to improve amplitude of farther echoes.

### 2). Wall Motion Tracking and Diameter Calculation {#sec2b2}

Once the artery wall locations are identified, the system goes to tracking state where the movements of near wall and far wall echoes are tracked for a few cardiac cycles as they move out of phase w.r.t each other in a quasi-periodic manner. Correlation based algorithm is used to find the shift in the echo location from that of the previous frame. Arterial distension $\documentclass[12pt]{minimal}
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\end{document}$ is calculated from each frame as the sum of relative near and far wall shifts w.r.t. the previous frame. The carotid artery lumen diameter is calculated as the distance between the intima layers on both walls, corresponding to the trailing edge of the near wall echo and leading edge of the far wall echo. A smoothened Hilbert envelope of the region of interest (ROI) is used for lumen diameter calculation [@ref17], [@ref18], [@ref24].

### 3). Wall Motion Negative Correlation Check (WMNCC) {#sec2b3}

A wall motion negative correlation check running simultaneously along with tracking ensures that tracking is done on near and far walls without fail [@ref17], [@ref23]. This is ensured by checking that the near and far wall echoes are moving opposite to each other, i.e., the absolute values of the near and far wall motion patterns have a negative correlation. If the condition is not satisfied, the system goes back to wall identification state.

### B.4 CYCLE EXTRACTION AND ARTERIAL STIFFNESS COMPUTATION {#sec2b4}

The distension and diameter values as obtained from the tracking stage are recorded and stored in a buffer of size $\documentclass[12pt]{minimal}
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Gaussian error elimination is performed to eliminate any random data which could have been included in the measurement. The arterial stiffness index ($\documentclass[12pt]{minimal}
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C.. Technology Evolution of Artsens {#sec2c}
-----------------------------------

A snapshot of the various versions of the ARTSENS device that were developed is illustrated in [Fig. 8](#fig8){ref-type="fig"}. A desktop prototype was made initially for early laboratory studies. A tablet version was later developed to make ARTSENS more portable. The hardware for data acquisition and subsequent signal processing modules were embedded together in the device, making it easier for the operator to use. Further, a rugged version was designed for use in field settings. This had on-board battery and could also store the subject database. A small, portable handheld version of ARTSENS is also under development. Figure 8.Technology evolution of ARTSENS (a) Desktop prototype (b) Tablet version (c) Rugged version for field deployment (d) Handheld version under development.

III.. Validation of Artsens {#sec3}
===========================

The performance of the signal processing algorithms, the repeatability and reproducibility of the instrument and ARTSENS usability in controlled laboratory settings have already been validated and reported [@ref19]--[@ref20][@ref21][@ref22]. Here we present an extensive validation of ARTSENS in clinical setting. The objectives of this study are the following. (a)To establish feasibility of ARTSENS measurements in clinical setting on large number of subjects(b)To verify the ability of ARTSENS to provide accurate estimates of stiffness with the subject in sitting posture.(c)To establish the measurement accuracy of ARTSENS in comparison with state of art image based ultrasound echo tracking system.The ALOKA $\documentclass[12pt]{minimal}
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A.. Validation Study Protocol {#sec3a}
-----------------------------

The study was conducted at Thambiran Heart and Vascular Care Institute, Chennai. The procedure of arterial stiffness measurements and the overall study protocol approved by the Institutional Review Board are explained below and are shown in [Fig. 9](#fig9){ref-type="fig"}. Figure 9.ARTSENS validation study protocol (a) Informed consent (b) Blood pressure (c) Blood sampling (d) Anthropometry (e) ARTSENS measurement (f) ALOKA e-Tracking measurement.

### 1). Subject Selection {#sec3a1}

Male and female subjects, above the age of 18 years, with no documented history of cardiovascular or peripheral vascular disease were included. The subject pool consisted of 125 subjects from 20 to 75 years of age. All subjects were informed of the study objectives, backgrounds and protocol before data collection and informed consents were obtained from them. Each subject was registered to the study with a unique identifier, and the personal details were filled in.

### 2). Blood Sample Collection {#sec3a2}

Fasting blood samples were collected for biochemistry investigation. Subjects were given a light breakfast and allowed to relax for at least 15 minutes before proceeding with measurements.

### 3). Anthropometric and BP Measurements {#sec3a3}

The height of subjects was measured using a tape with resolution 1 mm. Weight was measured using an automatic weighing scale with resolution 0.1 kg. Body composition was measured using an automatic body composition analyzer. Blood pressure at the brachial artery was measured using a sphygmomanometer in both sitting and supine position. The study was performed using brachial pressure measurements, to emulate field conditions.

### 4). Arterial Stiffness Measurement {#sec3a4}

The stiffness of the carotid artery of each subject was evaluated both using ARTSENS, and also using an ultrasound echo tracking system (ALOKA $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$\alpha 10$
\end{document}$ Prosound e-Tracking system).

### 5). Measurement Using Artsens {#sec3a5}

Subject was seated comfortably and allowed to relax for 5 minutes. The left carotid artery location was identified by palpation and the ultrasound probe was placed nearly 2.5 cm below the carotid bifurcation. The angle of the probe was adjusted to get strong echoes from the near and far wall of the artery. ARTSENS was configured to give the average of five measurement results where each measurement comprised of five continuous cycles of distension. Measurements were taken in sitting postures. [Fig. 10](#fig10){ref-type="fig"} shows a screenshot of ARTSENS Graphical User Interface (GUI) indicating all measurements. Figure 10.Screenshot of ARTSENS GUI indicating measurements.

### 6). Measurement Using Aloka E-Tracking System {#sec3a6}

For measurement using the e-Tracking system, 3-lead Electrocardiogram (ECG) was placed on the subject's body. The carotid vessel was imaged using a 10 MHz linear array probe. The near and far walls of the artery were manually identified on the B-mode image and the wall motion was tracked by the ALOKA $\documentclass[12pt]{minimal}
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When a steady waveform was obtained for 4--5 cycles, image is frozen to acquire the data which were accumulated over the period to start arterial stiffness analysis. In the analysis window, agreeable waveforms were selected to perform analysis. Measurements were taken in both sitting and supine postures with corresponding systolic and diastolic pressures entered. [Fig. 10](#fig10){ref-type="fig"} shows a screenshot of ALOKA measurement and post analysis screen.

B.. Statistical Methods Used for Analysis {#sec3b}
-----------------------------------------

The agreement between the arterial stiffness readings given by ARTSENS to those given by the ultrasound imaging system was first investigated by linear regression. Least square regression models, performing linear fit for stiffness estimates from imaging systems and those from ARTSENS were obtained under the assumption that random error is associated with only ARTSENS results and that the results from imaging system are true values without random errors. Further, a Bland Altman analysis was performed to examine the degree of variation between the two readings. The limits of agreement were defined as $\documentclass[12pt]{minimal}
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\end{document}$) randomly selected subjects. In such cases, the second trial was chosen for regression and Bland Altman analysis. The repeatability of measurements performed by ARTSENS was evaluated by computing coefficient of variability (repeatability) as the ratio of the standard deviation of the differences between the two ARTSENS measurements to the average of the means [@ref31]. A trend analysis was also performed to investigate the ability of ARTSENS to detect age-related changes in arterial stiffness.

IV.. Results and Discussion {#sec4}
===========================

A.. In-vivo Measurement Capability {#sec4a}
----------------------------------

A total of 125 subjects were included in the study. ARTSENS was used to measure the carotid artery stiffness of all these subjects. Typical time taken for a measurement was less than 5 minutes. There was no subject on whom measurement could not be performed. This demonstrated the ability of ARTSENS to perform in-vivo measurements of arterial stiffness. In very few cases, the measurement took more time, as it was difficult to position the probe at the correct location to get stable distension waveforms. It was also difficult to perform measurements using the imaging system in those cases.

B.. Data Selection and Outlier Elimination {#sec4b}
------------------------------------------

Of the total 125 subjects, a few subjects on whom it was difficult to perform the measurements on the exact same locations due to change in posture or probe dimensions illustrated less repeatability in measurements. Such suspected cases of measurement error, in which there was significant variation in the stiffness values recorded by the two instruments (ARTSENS and ALOKA e-Tracking) were eliminated as outliers [@ref28]. After eliminating a few suspected cases of data entry error and cases with missing data, a total of 111 subjects were selected for analysis. This represented 88 % of the total data set.

C.. Statistical Analysis of Measurement Accuracy {#sec4c}
------------------------------------------------

### 1). Linear Regression Analysis {#sec4c1}

A summary of the linear regression analysis is provided in [Table 2](#table2){ref-type="table"} and [Table 3](#table3){ref-type="table"}. All the ARTSENS measurement results, viz. $\documentclass[12pt]{minimal}
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However, the material property of the vessel wall is not expected to show such significant variations, especially under controlled settings as was achieved in the study. This is also illustrated by the high correlation coefficient value of 0.9 of the $\documentclass[12pt]{minimal}
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Strong correlation was observed even when the ARTSENS stiffness estimates measured on subjects in sitting posture were compared with those made using the imaging system on subjects in supine posture. It may be observed from [Table 3](#table3){ref-type="table"}, that the arterial stiffness estimates (both $\documentclass[12pt]{minimal}
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However, the strong observed correlation of arterial stiffness estimates validates the use of ARTSENS to evaluate stiffness in the sitting posture. This is relevant, as a supine measurement may not be often possible in field settings, when ARTSENS is deployed for screening.

### 2). Bland Altman Analysis {#sec4c2}

To evaluate the degree of agreement between stiffness measurements provided by ARTSENS and the imaging system, Bland-Altman plots with limits of agreement defined as $\documentclass[12pt]{minimal}
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It may be observed that there is a high degree of agreement between ARTSENS readings and stiffness values provided by the imaging system. The mean of differences, known as the bias, for directly measured artery dimensional parameters is slightly higher than those reported in literature using image based systems [@ref32], owing to reasons explained earlier in [Section IV.C1](#sec4c1){ref-type="sec"}. The bias is close to zero for the arterial stiffness results $\documentclass[12pt]{minimal}
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\end{document}$, showing that ARTSENS is not expected to underestimate or overestimate the stiffness values. It can be also be inferred from the plots that the bias and the limits of agreement are very low when compared to the absolute values of the parameters measured. The variability in measurements exhibits even distribution in all plots, irrespective of the magnitude of the value measured.

[Table 4](#table4){ref-type="table"} summarizes the results obtained from Bland-Altman analysis. It may be noted that the analysis also takes into account the minor differences introduced owing to minor changes in probe location and subject physiology as the measurements are performed sequentially.TABLE 4Results of Bland Altman Analysis of Arterial Stiffness Measurements by ARTSENS with Those Given by Imaging System in Sitting Posture.Parameter measuredMean (Bias)Standard Deviation$\documentclass[12pt]{minimal}
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### 3). Repeatability of Artsens Measurements {#sec4c3}

Two ARTSENS measurements were performed on a few randomly selected subjects ($\documentclass[12pt]{minimal}
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The coefficient of variability (repeatability) computed as the ratio of the standard deviation of the differences between the two ARTSENS measurements to the average of the means was calculated from the data. The calculated coefficients of variability shown in [Table 5](#table5){ref-type="table"} are comparable to the previously reported results on carotid stiffness measurements performed using ARTSENS and other ultrasound imaging systems [@ref11], [@ref14], [@ref15], [@ref23], [@ref35]. This indicates the ability of the instrument to give precise measurements of stiffness irrespective of the field conditions.TABLE 5Coefficients of Repeatability for ARTSENS Measurements.Parameter measuredCoefficient of repeatability (variability) in %$\documentclass[12pt]{minimal}
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D.. Age Related Changes in Arterial Stiffness {#sec4d}
---------------------------------------------

To investigate the ability of ARTSENS to detect subtle changes in arterial stiffness, the data was analyzed to examine if ARTSENS could pick up trends in arterial stiffness associated with age. To eliminate the influence of other factors that may affect stiffness, subjects under medication were eliminated from this analysis. No subjects recruited in the study had any history of cardiovascular disease. A total of 102 subjects were included in this age-trend analysis.

To study the trend in variation of each parameter with age, the mean and standard deviation of stiffness index ($\documentclass[12pt]{minimal}
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\end{document}$ in sitting posture were calculated for different age bins. As the age of the subjects recruited for the study was slightly skewed towards the younger age group, a classification based on age quartiles will not properly reflect the age related changes in arterial stiffness. Hence age bins selected for analysis were chosen to ensure nearly uniform distribution of the overall subject pool among the various age bins.

The results are illustrated in [Fig. 26](#fig26){ref-type="fig"} to [Fig. 28](#fig28){ref-type="fig"}. A strong positive trend between arterial stiffness measures and age could be inferred from these plots. This illustrates the ability of ARTSENS to detect subtle changes in arterial stiffness that occurs due to ageing, thereby indicating potential use in vascular screening and diagnosis. Figure 26.Age related increase in stiffness index ($\documentclass[12pt]{minimal}
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E.. Advantages of Artsens Over Image-Based Systems {#sec4e}
--------------------------------------------------

Unlike the commercially available image-based systems, ARTSENS has completely automated measurement and is the only image free system available for direct measurement of arterial dimensions to evaluate stiffness. Because of its image free technology, an expert ultrasonographer is not required for performing the measurement. The time taken for measurement (typically 5 minutes) is much less than that required for image-based systems, and the measurement procedure is simple and less laborious. The portable nature of the instrument and the ability of the intelligent algorithms to quickly perform the measurement without any operator input make it very amenable for field deployment.

F.. Limitations of Artsens {#sec4f}
--------------------------

ARTSENS measurements could not be performed on few volunteers, where the artery was very superficial due to which the near wall could not be identified clearly. The use of a silicone delay block can help in such cases. The hardware of the device is being improved to reduce the apparent blind spot close to the probe surface, by increasing the transducer damping. In all subjects whose data were eliminated as outliers in this study, the quality of the echo signal was found to be very low, as the artery walls could not be distinguished clearly. The enforcement of a stricter protocol of probe positioning and angulation to ensure high quality echo signals during measurement will eliminate such cases. An automated signal quality evaluation algorithm is being developed to avoid this in screening scenarios.

V.. Conclusion {#sec5}
==============

A novel image free instrument for non-invasive evaluation of arterial stiffness, called ARTSENS was presented. ARTSENS uses a single element ultrasound probe, and is an affordable, compact, user friendly device for measurement of arterial stiffness. The hardware and software architecture of the system was explained. The ability of ARTSENS to easily perform in-vivo measurement of carotid artery stiffness was verified by the study conducted on 125 subjects. The accuracy of the measurements provided by ARTSENS was verified by comparing with a reference, state of art ultrasound imaging system. The stiffness estimates provided by ARTSENS strongly correlated with those obtained using the imaging system. Bland Altman analysis demonstrated significant degree of agreement between ARTSENS measurements and imaging system measurements. The results show that ARTSENS is at par with state of art technology for measurement of arterial stiffness. Measurements of $\documentclass[12pt]{minimal}
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\end{document}$ stiffness index, considered to be better estimate, as it characterizes stiffness independent on distending pressure, was found to be repeatable and accurate in ARTSENS. ARTSENS device demonstrated enough sensitivity to detect age related trends in arterial stiffness, thereby indicating potential for use in large scale screening studies. ARTSENS allows quick and easy measurement of arterial stiffness even in sitting posture, and its automated measurement algorithms allow it to be used by any operator with minimal training. ARTSENS can thus be deployed in primary or secondary care facilities, and even in field scenarios, thereby making vascular stiffness measurements feasible in large scale epidemiological studies as well as for early detection and screening. The relative significance of various measures of stiffness, and normative values in Indian population would be explored in future epidemiological studies using ARTSENS.
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